Rockfish (Sebastes spp.) are a common marine fish in nearshore and continental shelf environments in the North Pacific Ocean. They are frequently identified in coastal archaeological sites in western North America; however, the morphological similarity of rockfish species limits conventional zooarchaeological identifications to the genus level. This study applies ancient DNA analysis to 96 archaeological rockfish specimens from four sites on separate islands in an archipelago on western Vancouver Island, British Columbia, Canada. Two of the archaeological sites are located within a marine protected area specifically designed to facilitate the recovery of inshore rockfish populations; two sites are located outside this boundary and remain subject to considerable fishing pressure. Using mitochondrial 16S and control region DNA sequences, we identify at least twelve different rockfish species utilized during the past 2,500 years. Identification of rockfish at closely spaced and contemporaneously occupied sites confirms that a variety of Sebastes species were consistently exploited at each site, with more exposed areas having a higher number of species present. Identification results indicate that four of the twelve species did not occur within the conservation area boundary and, instead, were found in sites where commercial and recreational fishing continues to be permitted. This study demonstrates that ancient DNA identifications of archaeological assemblages can complement and expand perspective on modern day fisheries conservation and management in this National Park Reserve and First Nations ancestral territory.
Introduction
Rockfish (Sebastes spp.) are a diverse genus of marine fishes, with over 100 species worldwide and at least 70 in the Northeast Pacific [1] . Occupying a wide range of coastal habitats, rockfish occur at depths from the nearshore to over 1,000 metres on the continental shelf edge and sea mounts. These long-lived, predominantly non-migratory fish form mixed species assemblages PLOS ONE | https://doi.org/10.1371/journal.pone.0192716 February 13, 2018 1 / 16 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
that are key fixtures in nearshore marine food webs [1, 2] . The high number of species in the genus indicates a high degree of genetic diversity [3] , and even relatively recent events such as late Pleistocene glaciations and corresponding sea level changes have measurably impacted the evolutionary dispersal history of certain populations [4] . Large scale industrial fisheries have targeted rockfish throughout the 20 th century; in the year 2000, up to 10% of annual catch in Canadian waters was rockfish [5] . Retrospective analyses of industrial and recreational fisheries documented that at the peak of industrial fishing efforts, rockfish were undergoing rapid and widespread population declines [6] , which were exacerbated by their non-migratory life history and late age-at-maturity [7] . As a result, at least seven species have been classified as overfished by the U.S. National Marine Fisheries Service [8] . In areas of industrial trawl harvest, rockfish are often managed as a single, homogenous unit which can further deplete vulnerable, less abundant species [9] . Reductions in the average size of rockfish and catch per unit effort continue to be observed in areas of British Columbia [10] and may relate to high mortality from barotrauma [11] that occurs during recreational fishing for salmon, halibut, and lingcod. Conservation area management measures have been instituted throughout the Northeast Pacific region, including the establishment of 'no-take' marine protected areas in Canada and the United States since the early 2000s [1, 9, 12, 13] . These no-take reserves reflect an effort to restore and sustain a variety of rockfish populations wherein large numbers of juvenile rockfish can recruit to areas of productive habitat, disperse, and recruit to nearby habitat [14, 15] . Because many rockfish species have small home ranges [16, 17] and spatially overlapping habitats, implementation of no-take conservation areas have the potential to protect multiple rockfish species simultaneously [13] . Current trends indicate that the implementation of a network of small conservation areas have not significantly influenced the recovery of rockfish [18] and violations of fishing within conservation area boundaries persist [19, 20] .
As in contemporary fisheries, rockfish also played a vital component in ancient Indigenous fisheries throughout the Pacific Coast. A recent meta-analysis compiling 40 years of research on archaeological fisheries in the region indicates that rockfish are present in over 60% of archaeological sites on the Northwest Coast, and are the fifth most commonly occurring fish taxa in sites from Oregon to southeast Alaska [21] . Rockfish are particularly abundant at archaeological sites along the exposed outer coast where high relief rocky reef habitats predominate [21, 22] .
The widespread archaeological occurrence of rockfish can aid fisheries management and conservation by connecting modern and ancient observations, thereby extending ecological baselines and contextualizing how modern populations may have shifted since the onset of industrial harvesting [23] . However, conventional species identification of archaeological rockfish remains is not possible due to morphological similarities of skeletal elements between species. As a result, archaeological studies of rockfish have remained limited to genus level analyses [21, 24] . Here we use ancient DNA to identify the archaeological composition of harvested rockfish species to better characterize past human fishing practices in an area of the Pacific Northwest Coast. This study aims to contribute to the increasingly broad range of research that combines Indigenous knowledge and archaeological data with marine protected area management to enhance fisheries conservation and marine planning efforts [24] [25] [26] [27] [28] [29] .
the marine environment as evidenced by the thousands of shell midden habitation sites (anthropogenic sediments containing evidence of past harvesting effort) documented throughout the region [32] . At the time of contact with Europeans (AD 1774), Indigenous communities on western Vancouver Island (Nuu-chah-nulth peoples) occupied densely-populated and ) and historic accounts [36, 37] indicate that the population of Barkley Sound is estimated to have been 8,500 people (approximately double the contemporary human population in this region) [38] [39] [40] . At least five politically autonomous Nuu-chah-nulth groups controlled Barkley Sound during the mid 19 th century, but many more independent groups were present prior to a series of contact-era tribal amalgamations that occurred during waves of introduced diseases [36, 38, 39, 41] . Nuu-chahnulth communities depended economically on the marine environment, and fishing and shellfishing were among the most frequently and widely practiced subsistence activities [33, 35, 41] .
The Broken Group Island archipelago is located within the recognized traditional territory of the Tseshaht First Nation (a member of the Nuu-chah-nulth Tribal Council). Since 1971, it has been part of the federally managed Broken Group Islands 'Unit' of the Pacific Rim National Park Reserve (Parks Canada). In 2004, approximately 42% of this unit of the National Park Reserve was designated a rockfish conservation area (RCA) by Canada's Department of Fisheries and Oceans [42] . This targeted marine conservation status aimed to restrict the removal of inshore rockfish by commercial and recreational fishers inside the major islands fringing the archipelago (Fig 1) . This RCA was one of many established across the British Columbia coast designed to facilitate the recovery of inshore rockfish populations [12, 20, 42] .
Materials and methods

Archaeological samples
The archaeological rockfish remains analyzed in this study were recovered from late-Holocene archaeological contexts in the southern portion of the Broken Group Islands, British Columbia, Canada (Fig 1) . Permission to excavate at these heritage sties was provided by a Tseshaht First Nation Council resolution and Parks Canada Agency Research and Collection Permits #PRN-2008-1579 and 2009-2737 [36, 43, 44] . Zooarchaeological analysis of vertebrate remains identified 8,255 fish specimens to species, genus or family level from 366 sediment samples from seven sites representing approximately 272 litres [43:269] . Ancient DNA analysis was applied to 96 morphologically identified rockfish samples from six vertebrate assemblages from four archaeological sites (ca. 2,500-250 years BP) located within and just outside the Rockfish Conservation Area in the Broken Group Island archipelago (Fig 1; S1 Table) . The rockfish skeletal samples were recovered from spatially and stratigraphically distinct levels at different settlements in order to avoid sampling multiple elements from the same individual [43] . Regression based body size estimation data from these sites indicate that relatively small (and younger) rockfish predominate (mean size = 26 cm, SD ±7 cm) [40:273] and are similar to a previously examined assemblage within 2 km of the study area [45] .
DNA extractions
DNA extraction and analysis was carried out in the dedicated Ancient DNA Laboratory at Simon Fraser University, Canada. The Ancient DNA Laboratory is specifically designed for the analysis of ancient DNA and includes UV filtered ventilation, positive airflow, bench UV lights, and dedicated equipment and reagents. No modern DNA samples have ever been processed in the lab and strict contamination control protocols are followed at all times [46] Rockfish skeletal samples, ranging from <10-221 mg, were chemically decontaminated through submersion in 6% sodium hypochlorite (bleach) for seven minutes before being rinsed twice in ultra-pure water and UV irradiated in a cross-linker for 15-30 minutes on two sides. The samples were then manually crushed into powder and incubated overnight in 4 mL of lysis buffer [0.5 M EDTA (pH 8.0), 0.5% SDS, and 0.5 mg/mL proteinase K] in a rotating hybridization oven at 50˚C. DNA was extracted using the modified silica-spin column method described by Yang et al. [47] and Speller et al. [46] Mitochondrial DNA analysis Molecular species identification relies on a comprehensive set of comparative reference DNA sequences for accuracy. The recovered DNA samples were PCR amplified and sequenced for two regions of the mitochondrial genome that are useful for discriminating among Sebastes species and have corroborated reference DNA sequences from 101 rockfish species [3] . PCR amplifications targeted fragments totaling 575 bp for 16S rRNA and 512 bp for the control region (S2 Table) . PCR amplifications were conducted in a Mastercycler Gradient (Eppendorf) in a 30 μL reaction volume containing 50 mM KCl, 10 mM Tris-HCl, 2.5 mM MgCl 2 , 0.2 mM dNTP, 1.0 mg/mL BSA, 0.3 μM each primer, 3.0-4.0 μL DNA sample and 2.25 U AmpliTaq Gold (Life Technologies Corporation, Carlsbad, CA). PCR began with an initial 12 minute denaturing period at 95˚C, followed by 60 cycles at 94˚C for 30 seconds (denaturing), 55˚C for 30 seconds (annealing), and 72˚C extension for 40 seconds. Blank extracts and negative controls were included in each PCR setup. PCR products were sequenced using both forward and reverse primers at Eurofins MWG Operon, Inc. (Huntsville, Alabama). A subset of the samples underwent replication of PCR and sequencing to check the reproducibility of the results and to detect any base pair misincorporations due to DNA damage.
The obtained ancient sequences were compared to GenBank sequences through the BLAST application (http://www.ncbi.nlm.nih.gov/BLAST/), to determine their closest match and to ensure that they did not match any other unexpected species or sequences. Sample sequences identified as Sebastes were visually edited and base pair ambiguities were examined using ChromasPro software (www.technelysium.com.au). Resulting edited sequences analyzed against comparative modern DNA reference sequences were approximately 521 bp and 398 bp for 16S rRNA and the control region respectively. Multiple alignments of the ancient sequences and published reference sequences were achieved using [48] , through BioEdit (www.mbio.ncsu. edu). Neighbor-joining trees were constructed using Kimura's 2-parameter model in the Mega 6.0 software program [49] . Species identifications were assigned only if a sequence matched identically or very closely with published reference sequences in a manner that was distinguishable from the next closest related species and if no other evidence, including reproducibility tests or additional markers from the same sample, indicated a different species.
Results
Ancient DNA-based identifications
Ancient DNA was successfully recovered for 92 of the 96 morphologically identified Sebastes specimens (95.8%) (S1 Table) . Of those 92 successful amplifications, 81 were confirmed as belonging to the genus Sebastes (88%; GenBank Accessions MF179308-MF179457). Three specimens were only able to generate partial DNA fragments and, while confirmed as Sebastes, were unable to be identified to the species level and therefore excluded from further analyses. Two additional samples could not be distinguished between three potential Sebastes species and were also excluded from further analyses.
A BLASTN search identified the non-Sebastes samples as greenling (Hexagrammos spp.; n = 6), lingcod (Ophiodon elongates; n = 1), shiner perch (Cymatogaster aggregata; n = 1), Red Irish lord (Hemilepidotus hemilepidotus; n = 1), and surfperch (Embiotoca spp.; n = 1) which are also species that occur regularly in archaeological contexts in the study area [21] and the region more broadly [22, 45, 50] . One sample demonstrated non-specific amplification of human DNA after multiple failed amplifications and was excluded from analyses. Although morphological misidentifications were rare, these results demonstrate that ancient DNA can act as a valuable check to confirm morphological identifications of archaeological remains [51, 52] .
The high amplification success rate of 95.8% is not surprising as archaeological sites on the Northwest Coast have proven to have exceptional DNA preservation, likely due to the fairly narrow range of temperature fluctuation, consistent precipitation, and alkalinity of shell midden sediments safeguarding skeletal remains from the wet coastal climate and acidic forest soils [47] . Similar results have been obtained from other archaeogenetic studies in the same region [46, 53] .
The results of the DNA amplification and sequence analysis suggest that the recovered rockfish DNA is authentic. The contamination controls undertaken in this study were successful at eliminating any systematic contamination as no PCR amplification was observed in blank extracts and PCR negative controls. Furthermore, the use of multiple markers increased our confidence in the species identifications: in all instances that both markers successfully amplified, no identifications conflicted. However, it is important to note that while analyzing multiple genes improves species identifications, the taxonomic framework under which the species identifications are assigned also needs to be scrutinized. Species identifications were assigned by phylogenetic comparisons to modern reference sequences made available by Hyde and Vetter [3] and, when available, additional comparative sequences publicly available in GenBank. As not all of the 100+ species of rockfish receive the same attention in scientific research, majority of the rockfish species only had one comparative reference DNA sequence available. Additional genetic insights into interspecific and intraspecific variation in rockfish species can only improve the accuracy of species identification.
Evaluating sampling effort
The mathematical inevitabilities of archaeological and paleobiological sampling dictate that the more sampling, the more variety [54, 55] . To address the issue of sampling effort with ancient DNA identifications, we generated a simple species accumulation curve that demonstrates that the number of rockfish species identified increases with sample size but appears to reach an inflection point, after which the rate at which newly identified species occur diminishes (Fig 2) . As expected, this analysis shows that more species were observed as more samples were examined. The bulk of species present have been detected with 15-20 samples and assemblages with the greatest number of samples analyzed also have the highest number of species detected (e.g., Effingham and Wouwer-Old, n = 16 and n = 14 respectively, with 8 species each). Given the limited resources available to conduct these analyses and the very large number of rockfish species, we do not aim to have detected the true number of species represented archaeologically, but rather to have approached redundancy in this particular sample.
Main fishing pattern
Despite the small study area and modest sample size from each site, twelve different rockfish species were identified (Table 1; Fig 3) , a number similar to contemporary ecological observations within Barkley Sound [56] [57] [58] . The broad range of rockfish species identified overall is also observed within the individual archaeological sites: eight species were identified in two of the six archaeological assemblages, and six species in an additional three assemblages (Table 1 ; Fig 3) . The six species that occur most frequently across all sites are yellowtail (S. flavidus),
widow (S. entomelas), black (S. melanops), canary (S. pinniger), china (S. nebulosus), and copper rockfish (S. caurinus).
The observed archaeological patterning indicates an overall degree of similarity and continuity in rockfish habitat and/or fishing practice over the past 2,500 years in this exposed coastal archipelago. Potential temporal shifts in the assemblage could also reflect periods of Canary rockfish (S. pinniger)
China rockfish (S. nebulosus)
Copper rockfish (S. caurinus)
Blue rockfish (S. mystinus)
Yelloweye rockfish (S. ruberrimus)
Quillback rockfish (S. maliger)
Silvergray rockfish (S. brevispinis)
Tiger rockfish (S. nigrocinctus) Total  10  10  16  13  13  14  76 For detailed specimen identifications see S1 Table. https://doi.org/10.1371/journal.pone.0192716.t001
climatic change and/or broader cultural shifts in fishing effort [59] [60] [61] [62] , but the small sample size in this study precludes such an evaluation. The diverse and complex life history traits of rockfish have facilitated divergent speciation but with a high degree of spatial overlap in habitat preferences and depth ranges [18] . Some rockfish exhibit preference for schooling in mid-water kelp forests; some have crevice-associated bottom dwelling preferences; and some are associated with the continental slope edge in very deep waters [1, 2] . The majority of archaeological rockfish identified in this study are composed of mid-water schooling rockfish (62-80%); the remaining species are solitary rockfish associated with demersal habitats (Fig 4) . The rank order of these two rockfish 'ecotypes' exhibit consistent patterning across all sites and time periods. This patterning indicates that the bulk of rockfish fishing effort targeted mid-water schooling fish associated with kelp habitat. For example, yellowtail (n = 19) and black (n = 12) rockfish are present in all six assemblages, and widow rockfish (n = 17) is present in five (Table 1) . Furthermore, yellowtail, widow, and black rockfish make up a large proportion of species present in all six archaeological assemblages (57%-80%), indicating a ubiquitous utilization of these three species.
There remains variation within and between archaeological sites, with the more recent deposits at Dicebox and Wouwer containing the highest percentages (77-80%) of mid-water schooling rockfish (Table 1 ). In contrast, the site with the greatest number of crevice dwelling demersal fish is also the oldest in the group (Wouwer ca. 2,500-1,200 years BP). The two archaeological assemblages with the greatest number of rockfish species were also in the most swell exposed coastal settings (Effingham and Wouwer-Old), where both exposure and kelp habitat predominate. Such broad similarities in species composition across sites and slight environmental and temporal differences between sites indicates that fishing effort targeted specific locations in close proximity to settlements.
Many of the shallow reefs, channels, and islets in close proximity to the study sites contain highly productive kelp habitat. The distribution of kelp can vary significantly seasonally with exposure and current speeds, as well as with the presence or absence of sea otters in the region [63] . Sea otters have dramatic yet indirect ecological effects on the abundance of rockfish as they help regulate sea urchins which graze kelp forests to a small percentage of their potential size and depth range (reducing the habitat available for rockfish). Accordingly, rockfish recruitment and biomass can be much higher when sea otters are present and considerably lower in areas where sea otters are absent [63] . As a result, the long-term ecological consequences of sea otters being removed from the west coast of Vancouver Island during the maritime fur trade (ca. AD 1778-1803) may have resulted in a potential large-scale reduction in rockfish habitat relative to what was prevalent during the pre-contact time period. Further exploration of this hypothesis is warranted with stable isotopes and other proxy data [64] [65] [66] , but even if lower numbers were present, the study area remains highly suitable habitat where abundance is expected to vary due to localized climactic effects, as well as the amount of kelp present [59, 67] .
Discussion
This study is the first investigation of ancient DNA from archaeological rockfish and affirms the long history of human use of rockfish in this modern-day marine protected area. By extending the ecological baseline past the industrial fishing era, these results pertain to contemporary marine conservation efforts focused on rockfish species in this same archipelago and elsewhere on the west coast of North America. Connecting these efforts and observations across large time scales helps contextualize and evaluate historical change, as well as the suitability of ongoing conservation and restoration efforts [27] .
This study has identified twelve rockfish species that were harvested within close proximity to each archaeological site location, both inside and outside a contemporary marine protected area, in a region that remains the focus of intensive commercial and recreational fishing effort [19] . The wide range of species identified reveals that numerous rockfish species were culturally desired and a broadly targeted food resource. Their persistent abundance in the zooarchaeological record relative to other fish indicates that millennia of Indigenous fishing practices have not appeared to have negatively affected rockfish abundance in the Broken Group Islands [43, 45, 68] .
As inshore rockfish are generally non-migratory, they could be obtained year-round and were likely critical to predictable provisioning for the dense Indigenous communities living in large settlements throughout the archipelago and surrounding areas of Barkley Sound [43, 69, 70] . Despite a vulnerability to overharvesting, rockfish clearly withstood millennia of intensive harvest practices. The sustainability of these harvests was likely considerably enhanced and enabled by the territorially specific marine tenure systems that were present historically in this archipelago [38] , as well as more broadly in Nuu-chah-nulth communities on western Vancouver Island [33] and across the Northwest Coast [71] . Locally, such tenure systems featured highly specific fishing territories, including named islands, islets, and reefs that designated family and local group boundaries [39] . These boundaries were broadly known and rigidly enforced by individuals and lineage-based household groups, and are highly compatible with modern conservation efforts of spatial management [72] that guide and inform current rockfish conservation efforts [10, 73] .
Conservation implications
Understanding the history of rockfish fisheries and identifying potential mismatches in rockfish conservation management strategies is especially relevant considering the vulnerability of rockfish to overharvesting given their longevity (maximum ages range from 50-120 years for the species studied here) and long generation times [74] . The contemporary focus on harvesting large, reproductively powerful, older rockfish is particularly detrimental as it removes large fecund females that have a disproportionate contribution to recruitment, limiting recovery and future population growth [6, 7, 75] . The modern trend of catching larger, older rockfish contrasts with archaeological rockfish size indicating smaller individuals were targeted in this area in the past [45] potentially enabling a higher overall harvest rate.
The presence and proportions of rockfish species found within and immediately outside of a marine protected area enable the comparison of species being included and/or overlooked by such spatial management measures (Fig 5) . Since 2004, the interior portions of the Broken Group Island archipelago have been managed as a modern day conservation area where hook and line commercial fishing is not permitted [42] . Three of the six archaeological assemblages examined in this study are situated immediately outside the conservation area; the other three assemblages are located within the boundary. Based on a range of other zooarchaeological evidence discussed previously, it is likely that the majority of rockfish were obtained in close proximity to each site.
A key observation is that four of the twelve detected rockfish species (redstripe, silvergray, yelloweye, and tiger rockfish) were not identified in sites located inside the rockfish conservation area (Fig 5) . While this may be influenced in part by low overall sampling effort, it introduces the possibility that up to 30% of the species traditionally harvested by Indigenous peoples in this archipelago may not be protected by this conservation area boundary. This includes yelloweye rockfish, which can live over 120 years and are currently listed as a species of "special concern" in Canada [76] . Similarly, tiger rockfish with a maximum recorded age of 116 years, is only observed at sites outside the conservation area. Both species were among the five inshore species for which these protected areas were originally designed to specifically target for conservation [12] . It is notable that these and other species continue to be subject to considerable commercial and recreational and recreational fishing effort [19, 77] . In contrast, only one of the five original target species (quillback rockfish) is exclusively present within the rockfish conservation area. The remaining species (china and copper rockfish) are found at multiple sites both within and outside the protected area boundary.
Conclusion
This case study demonstrates that ancient DNA analysis of archaeological fisheries data can broaden insight for understanding rockfish conservation on the Pacific Coast of North America. Archaeogenetic data can help shed light on the long-term biogeography of species, with the potential to recognize reductions in species abundance and track genetic diversity over time. While there were over twelve individual yellowtail, widow, and black rockfish detected among the ancient samples (n = 19, n = 17, and n = 12 respectively), the small sample sizes prevent meaningful population genetic analyses, as does a lack of comparable modern DNA sequence data. Future studies will benefit from examining additional archaeological sites and samples of ancient and modern rockfish. The examination of larger and more spatially and temporally distributed samples sizes will provide valuable information on the biogeographic distribution and genetic structure of rockfish species, and extend the baseline data on species distributions and abundances.
DNA was found to be well preserved in as little as <10 mg of archaeological skeletal material, a result consistent with previous studies on archaeological herring samples from the same region [46] . Based on the results of this study and ongoing work on herring, considerable Ancient DNA analysis of rockfish on the Pacific Coast potential exists for recovering nuclear DNA from the archaeological rockfish remains, giving a clearer picture of the historic population structure within rockfish and other fish species. For rockfish, this would provide a unique line of evidence that may aid stock-specific management, as some rockfish species show fine-scale population structure, and others show evidence of widespread gene flow [8] . By combining the time depth of archaeology with the precision of genetic analyses, a clearer ecological picture will emerge for management decisions, potentially allowing for the harvesting of abundant stocks and/or species, while protecting depleted stocks and/or species. 
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